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Boxwood, a low-maintenance landscape plant, has been plagued by diseases in recent years, and 
fungicide protection is now indispensable for its healthcare. The objective of present study was to 
determine how fungicide chemistry and repeated application may affect phyllosphere mycobiome. 
Three fungicides—Daconil (chlorothalonil, contact chemistry), Banner Maxx (propiconazole, systemic 
chemistry), and Concert II (a combination of both chemistries)—were first applied on April 12 then 
repeated at 2- and 3-week intervals, product dependent. Shoots from Buxus sempervirens ‘Vardar 
Valley’ were sampled immediately before, 1, 7 and 14 days after fungicide application on May 26 
and August 25. As determined by amplicon sequencing, fungal community composition differed 
between shoot surface and internal tissue, with the former being dominated by Cladosporium and 
the latter by Shiraia species. Fungicide applications strongly affected epiphytic fungal community 
diversity, structure, and many functional groups. Daconil and Concert II suppressed greater numbers 
of epiphytes than Banner Maxx. Many epiphytic genera became less sensitive to Daconil treatment in 
August. This study provided the first mycobiome evidence supporting boxwood as a low-maintenance 
plant and demonstrating fungicide resistance to a multisite chemistry due to repeated applications. It 
also helped understand boxwood rising health issues associated with increasing fungicide use.
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Fungi, one of the largest members in plant phyllosphere microbial communities1 are integral to plant growth 
and health2. They may reside on plant surfaces as epiphytes or in tissues as endophytes3. Some epiphytes and 
endophytes confer beneficial traits such as promoting plant growth4 and enhancing plant resistance to diseases5 
herbivores6 and environmental stressors7 while others are plant pathogens. It is the balance of these coexisting 
fungi that sustains both plant fitness and health8. This intricate balance, however, may be interrupted by some 
crop management practices such as use of agrochemicals in modern agriculture9–11, leading to the decline of 
plant fitness and making plants more vulnerable to diseases8,12.

Among the most impactful agrochemicals are fungicides, which are commonly used to protect crops from 
infection by different fungal pathogens in agriculture and horticulture. Depending on their mobility, fungicides 
can be broadly classified as contact or systemic. Contact fungicides act primarily on plant surface while systemic 
fungicides can penetrate through the plant’s cuticle barriers to act against pathogens inside the plant tissues41. 
Depending on their modes of action, fungicides are formulated to interfere with one or more physiological 
processes (single-site vs. multiple-site) of the target pathogens, therefore achieving their pathogen-controlling 
effects. However, as many of these processes are shared among fungi, fungicide treatments have been reported 
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to have unintended consequences on non-target fungi, including many beneficial groups. For example, copper 
and azoxystrobin both reduced culturable epiphytic and endophytic fungi in common beans13. Likewise, several 
fungicides altered the phyllosphere fungal compositions while increasing the population of the brown spot 
pathogen Septoria glycines in soybeans14.

As new research continues to emerge, there have been increasingly contradictory research reports on off-
target impacts of fungicide treatments. For instance, epoxiconazole, a demethylation inhibitor (DMI), suppressed 
epiphytic fungi on winter wheat15 but penconazole, another DMI fungicide, had minimal impact on the fungal 
population on grapevine leaves16. Variations in fungicide impacts on non-target fungi in the phyllosphere were 
also documented in other crops, including wheat17–19 soybean9,14 corn9 barley20 and tea21.

Comparatively, research on how repeated fungicide applications may affect the phyllosphere fungal 
communities has been rather limited, with inconsistent results. With a culture-based approach, Doherty et 
al.22 showed that repeated applications of a multi-site contact fungicide chemistry - chlorothalonil reduced the 
total fungal population of the creeping bentgrass phyllosphere in the second year but not in the first year when 
compared with the nontreated controls. With high-throughput sequencing, Perazzoli et al.16 observed minimal 
changes in the fungal community on grapevines with 3-weekly treatments of DMI fungicide penconazole. These 
studies raised some important questions. How, or if, repeated applications of different fungicide chemistries – 
contact vs. systemic and single- vs. multi-site – differentially impact fungal communities? How broad in scope 
may multi-site contact fungicide chemistries like chlorothalonil impact fungal communities? Specifically, how 
may they influence different functional groups in the fungal communities, including plant pathogens and plant 
and environmentally beneficial microbes? What are the threshold numbers at which repeated applications will 
result in reduced sensitivity to the same multi-site contact fungicide chemistries? Unlike many single-site systemic 
fungicides, multi-site contact fungicides are generally considered low risk for resistance development, and their 
product labels often lack a clear recommendation on the number of applications per season. Mycobiome-
based investigations into the above questions will generate data essential to reevaluate current practices in the 
fungicide labeling, chemical protection and fungicide resistance management programming. Such studies may 
also provide important leads for understanding the underlying mechanisms by which the reduced sensitivity 
emerged in the fungal communities as some fungal species have been reported to be responsible for accelerated 
biodegradation of fungicides after several applications23,24.

Boxwood (Buxus spp. L.) has been long regarded as a low-maintenance crop25 with rising health issues 
in recent years. Specifically, boxwood blight caused by Calonectria pseudonaviculata was first observed and 
confirmed in the U.S. in 201126. This new disease has since spread to 30 U.S. states, wiping out many crops at 
production and historic plantings27,28 and triggering periodic fungicide applications at 2- to 3-week intervals29–31. 
Boxwood dieback caused by Colletotrichum theobromicola first emerged in Louisiana in 201532, and by 2021 it 
has spread to many other U.S. states33. Likewise, several previously minor diseases such as Volutella blight34,35, 
Macrophoma leaf spot36, and Phytophthora root and crown rot37,38 have recently emerged and become major 
health issues, which require fungicide protection depending upon locale39. Among the most commonly-used 
fungicide chemistries are a multi-site contact chemistry, chlorothalonil, and single-site systemic fungicides in 
FRAC group 3 represented by propiconazole40. How these fungicides may affect pathogen populations and non-
target microorganisms was largely unknown.

In this study, we hypothesized that: (1) Multi-site contact and single-site systemic fungicides differentially 
perturb phyllosphere epiphytic and endophytic fungal communities; (2) Repeated fungicide applications alter 
the fungal community composition and functions. To test these hypotheses, we used boxwood as a model plant. 
We also selected three commonly used fungicides in boxwood nurseries and gardens and evaluated their impacts 
on boxwood epi- and endophytic fungal communities. The selected fungicides were Daconil Weather Stik (54% 
chlorothalonil), Banner Maxx (14.3% propiconazole), and Concert II – a combo with 38.5% chlorothalonil and 
2.9% propiconazole. Boxwood shoot samples were collected immediately before (0 days) and after (1, 7, and 
14 days) fungicide treatments in the spring and summer to examine the short-term and repeated effects of the 
selected fungicides. Shoot epiphytic and endophytic fungal communities were characterized using Nanopore 
MinION sequencing on the internal transcribed spacer (ITS) amplicons.

Results
Community α-diversity under different fungicide treatments
Fungicide treatment, season, and their interaction all had significant impact on the community α-diversity 
(Table 1) and these effects were more pronounced on epiphytes than endophytes. For example, the Operational 
Taxonomic Unit (OTU) richness of the epiphytic community was higher in boxwood shoot samples treated with 
Banner Maxx than in the nontreated control or those treated with Daconil in the spring (Fig. 1). Likewise, the 
Shannon index of epiphytic community was higher in the samples treated with Daconil and Concert II than 
those nontreated controls (Figure S2). But in the summer, the OTU richness of the epiphytic community was 
lower in samples treated with Daconil than the nontreated controls (Fig. 1). Comparatively, fungicide impact on 
endophytic community was only observed in the summer samples. Specifically, the Shannon index was higher 
in the samples treated with Banner Maxx than the nontreated controls, and the OTU richness was lower in the 
samples treated with Daconil than those with Banner Maxx. Sampling time only affected the OTU richness of 
the endophytic fungal community.

Community structure under different fungicide treatments
Fungicide treatment, season, and their interaction all had significant impact on the epiphytic than endophytic 
fungal community structure (Table S1), with fungicide treatment being the strongest driver and having more 
pronounced effect. Specifically, fungicide treatments explained 27.1% and 23.1% of the total variations in 
epiphyte community structure in spring and summer, respectively (Table 2). PCoA plots demonstrated clearer 
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Fig. 1.  Box plots showing the OTU richness in epiphytic and endophytic fungal communities at different 
times of 2021 among four treatments. NT = Non-treated control. The treatments sharing a letter did not differ 
according to Dunn’s test at P = 0.05.

 

Variable Degree of freedom

OTU richness Shannon index

F value Pr(> F) F value Pr(> F)

Epiphyte

Fungicide (F) 3 3.564 0.0175 8.646 < 0.0001

Sampling time (T) 3 0.588 0.6246 2.460 0.0682

Season (S) 1 71.113 < 0.0001 29.650 < 0.0001

F x T 9 1.833 0.0736 1.556 0.1417

F x S 3 9.884 < 0.0001 6.719 0.0004

T x S 3 1.364 0.2591 1.589 0.1979

F x T x S 9 1.242 0.2805 1.296 0.2510

Endophyte

Fungicide (F) 3 8.575 < 0.0001 2.835 0.0434

Sampling time (T) 3 3.289 0.0249 0.183 0.9077

Season (S) 1 43.213 < 0.0001 19.345 < 0.0001

F x T 9 0.961 0.4781 1.116 0.3614

F x S 3 2.473 0.0676 2.866 0.0417

T x S 3 0.910 0.4400 1.331 0.2702

F x T x S 9 1.130 0.3518 1.703 0.1019

Table 1.  Analysis of variance over the effect of fungicide, sampling time, season, and their interactions on 
Boxwood epiphytic and endophytic community α-diversity. Bold cells: P < 0.05; Sampling time refers to 
immediate before, and 1, 7, 14 days after fungicide application.
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separations in the epiphytic fungal community among fungicide treatments (Fig. 2). In particular, Daconil- and 
Concert II-treated samples tended to cluster together while being separated from the nontreated controls and 
those treated with Banner Maxx. Comparatively, significant fungicide effect on endophytic community structure 
was only observed in summer, accounting for 17.4% of the total variations (Table 2), without a clear separation 
among fungicide treatments as observed for epiphytic community (Fig. 2).

Sampling time also affected the fungal community structures in the summer samples. Specifically, it accounted 
for 11.3% of the total variations in epiphyte community structure, a 2.9% increase from spring (R2 = 0.084). The 
day 7 and 14 samples formed a cluster which was distant from the day 1 samples in summer (Figure S3), but the 
separation in the spring was not as clear among the four sampling times. Likewise, sampling time also affected 
endophytic fungal community structure, accounting for 8.9% of the total variations in summer. Specifically, the 
day 14 samples were separated from all other samples. However, this sampling time effect was not observed in 
the spring samples.

Fungal community composition and predominant fungal genera
Greater fungal diversity was observed on the shoot surface than internal tissue. A total of 656 OTUs belonging to 
427 genera, 243 families, 106 orders, 35 classes, and 8 phyla were identified in the epiphytic fungal community. 
Comparatively, only 214 OTUs belonging to 152 genera, 101 families, 49 orders, 18 classes, and 3 phyla were 
detected in the endophytic fungal community. Among these identified taxa, 129 OTUs belonging to 146 genera, 
98 families, 49 orders, 18 classes, and 3 phyla were shared between the epiphytic and endophytic communities. 
Overall, both epiphytic and endophytic fungal communities were largely represented by Ascomycota (> 80%), 
followed by Basidiomycota (Figure S4) at the phylum level. Notably, the relative abundance of Basidiomycota 
increased by 6.7–8.6% in summer across both communities.

Predominant fungal composition differed between epiphytic and endophytic communities at the genus level. 
Cladosporium, Alternaria, Alternariaster, Shiraia, Meira, Pseudopithomyces, Ramularia, and Aureobasidium 
dominated the shoot surface (Fig. 3A), while Shiraia, Alternariaster, Alternaria, Pseudolasiobolus, Leptosphaeria, 
and Cladosporium dominated the internal tissue (Fig. 3B).

Broader impacts of fungicide treatment on the predominant genera were observed in the epiphytic than 
endophytic communities in the spring while the opposite was seen in the summer. Of the ten predominant 
epiphytic fungal genera, nine had significant differential abundance in spring and five in summer (Fig. 3). Of 
the ten predominant endophytic fungal genera, four had significant differential abundance in summer and none 
were significant in spring. For the epiphytic community, the relative abundance of Meira was the highest in 
the Daconil-treated samples, while that of the Ramularia, Aureobasidium, and Leptosphaeria was the highest 
in the nontreated, Banner Maxx, and Concert II-treated samples, respectively (Fig.  3A). For the endophytic 
community, the relative abundance of Pseudolasiobolus, Leptosphaeria, and an unknown genus from phylum 
Ascomycota was the highest in the Banner Maxx-treated samples in the summer (Fig. 3B). Notably, the relative 
abundance of Alternaria was the highest in the Concert II-treated samples across the two communities and 
seasons.

Fungal compositional responses to fungicide treatments
According to MaAslin2 analyses, fungicides affected more epiphytic than endophytic fungal genera (54 vs. 5) as 
measured by their abundance between boxwood samples collected before and after treatments, and this impact 
varied with fungicide chemistry and season (Fig. 4). Specifically, Banner Maxx had a rather limited impact in 
scope with three epiphytes – Proliferodiscus, Fomitopsis and o_Polyporales in the spring and all being promoted 
while only one – Jamesdicksonia which was suppressed in the summer (Fig. 5). Comparatively, Daconil and 
Concert II impacted many more epiphytes with the vast majority of them being suppressed across all three 
post-treatment sampling times in the spring. Of these two fungicides, Daconil suppressed more epiphytes than 
Concert II (34 vs. 14) as shown in Fig.  5. However, similar impacts were not observed in the summer. For 
endophytes, only one genus was promoted in the spring while four genera were enhanced in the summer (data 
not shown).

Daconil and Concert II had differential impacts on epiphytic community in terms of the membership 
affected, and the nature, time and duration of effect detected in both seasons (Fig. 5). In the spring, Daconil 

Season Variables

Epiphyte Endophyte

R2 Pr(> F) R2 Pr(> F)

Spring

Fungicide 0.271 < 0.0001 0.063 0.3540

Sampling time 0.084 0.0002 0.058 0.4347

Fungicide x Sampling time 0.159 0.0010 0.099 0.9952

Summer

Fungicide 0.231 < 0.0001 0.174 < 0.0001

Sampling time 0.113 < 0.0001 0.089 0.0031

Fungicide x Sampling time 0.125 0.0572 0.139 0.1682

Table 2.  Permutational multivariate analysis of variance (PERMANOVA) test on the Jaccard dissimilarity 
index of Boxwood epiphytic and endophytic fungal communities among fungicide treatments, sampling times, 
and their interactions by season. Bold cells: P-value < 0.05; Sampling time refers to immediate before, and 1, 7, 
14 days after fungicide application.
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consistently suppressed more fungal genera than Concert II (23 vs. 3) through all three post-treatment sampling 
times starting at day 1 and ending at day 14. Only two genera – Amphosoma and Allophylaria were consistently 
suppressed by both Daconil and Concert II. Among the important genera consistently suppressed by Daconil 
but not by Concert II post treatment were two plant pathogenic genera, Colletotrichum and Glomerella, and 
two of the top 10 abundant genera, Ramularia and Vishniacozyma. Four other top 10 genera were also affected 
by Daconil but not Concert II, with Meira showing reduced abundance at day 1 through 7 post-treatment, 
and Aureobasidium and Leptosphaeria at day 7 through 14, while Pseudopithomyces only at day 1. Only one 
epiphyte, Physciella, was consistently suppressed by Concert II but not by Daconil. Comparatively, only one 
epiphyte, Proliferodiscus, was consistently promoted by both Daconil and Concert II and that promotional 
impact was observed at day 7 through 14 poster treatment. In the summer, only two epiphytes, Proliferodiscus 
and Hyphodermmella, were consistently suppressed by Concert II through all three post-treatment sampling 
times, but this number of affected genera increased to ten by day 14. Comparatively, no epiphyte was suppressed 
by Daconil at day 1 post-treatment, only three at day 7 and one by day 14. On the other hand, eleven genera 

Fig. 2.  Unconstrained principal coordinates analysis (PCoA) of the Jaccard dissimilarity in boxwood epiphytic 
(A and C) and endophytic fungal communities (B and D) at different times of 2021 among four treatments: 
NT = Nontreated control, DL = Daconil, BM = Banner Maxx, C2 = Concert II. Dashed circles represent 95% 
confidence ellipse.
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were promoted by Daconil whereas only one by Concert II on the same day. Among those promoted genera by 
Daconil were Colletotrichum and Glomerella, with the former including an emerging boxwood dieback pathogen 
belongs.

Predicted functional groups and their responses to fungicide treatments
Both epiphytic and endophytic fungal communities were dominated by the functional group ‘Plant Pathogen’, 
but they differed in other functional groups. On the shoot surface, the relative abundance of the ‘Plant Pathogen’ 
guild was over 65%, followed by ‘Endophyte-Lichen Parasite-Plant Pathogen-Undefined Saprotroph’ at 7.4%, 
‘Plant Pathogen-Undefined Saprotroph’ at 6.3%, ‘Undefined saprotroph’ at 3.0%, ‘Wood Saprotroph’ at 2.5%, and 
‘Plant pathogen-Wood saprotroph’ at 2.1% (Fig. 6A). Inside the shoot tissue, the relative abundance of the ‘Plant 
Pathogen’ guild was over 90%, followed by ‘Ectomycorrhizal-Fungal Parasite’ at 7.3%, and ‘Undefined Saprotroph’ 
at 0.6%. Notably, the ‘Ectomycorrhizal-Fungal Parasite’ group was represented by mushroom-producing fungi, 
including two genera Tricholoma and Boletus from the families of Tricholomataceae and Boletaceae, respectively. 
Similarly, the ‘Ectomycorrhizal-Undefined Saprotroph’ group was represented by mushrooms, including the 
genus Amanita of the family Amanitaceae and an unknown genus of the family Thelephoraceae (data not shown).

Both Daconil and Concert II had more inhibitory impacts on the epiphytic functional groups in spring than 
in summer. In the spring, Daconil suppressed seven guilds at all three post-treatment sampling times when 
compared to the pretreatment (Fig.  6B). These guilds included highly abundant ‘Plant Pathogen-Undefined 
Saprotroph’ and ‘Wood Saprotroph’, and some less abundant guilds, such as ‘Endophyte-Plant Pathogen’ and 
‘Animal Pathogen-Plant Pathogen-Undefined Saprotroph’. Similarly, Concert II suppressed two guilds at all 
three post-treatment sampling times when compared to the pretreatment, including ‘Orchid Mycorrhizal’ and 
‘Lichenized’. In the summer, Concert II suppressed two guilds at all three post-treatment sampling times when 
compared to the pretreatment. These included highly abundant ‘Plant Saprotroph’ and ‘Plant Pathogen-Wood 
Saprotroph’. Comparatively, Daconil was rather promotive at 14 days after treatment. Notably, the most abundant 
‘Plant Pathogen’ guild was promoted by Daconil but suppressed by Banner Maxx seven days after treatment in 
spring. However, in the summer, this guild was suppressed by Daconil one day after treatment but promoted by 
Concert II seven days after treatment, and no effect of Banner Maxx was observed over time.

Fig. 3.  Bar plots showing the predominant epiphytic (A) and endophytic (B) fungal composition as affected by 
fungicide treatments in spring and summer and the tables (right) showing the relative abundance of individual 
genera and the significance level of their differences among four treatments: NT = Nontreated control, 
DL = Daconil, BM = Banner Maxx, C2 = Concert II. A prefix of p__ and o__ indicates a higher taxonomic 
ranking was used for the unidentified or unknown genus, with “p__” standing for Phylum, and “o__” for 
Order. KW = significance level of differences in each genus or group among the four treatments per Kruskal 
Wallis test with *=0.05, **=0.01, and ***<0.0001. The highest relative abundance is highlighted in orange for 
genera or groups if their abundance differed among the four treatments.
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Effects of season and repeated fungicide application on the fungal community
Seasonal changes without fungicide perturbations
There were significant seasonal changes in the epiphytic fungal community from spring to summer when 
comparing the nontreated boxwood samples taken on August 25 to those on May 26. Specifically, 41 genera had 
increased relative abundance and four genera had reduced relative abundance in the summer when compared 
to the spring, while 21 genera remained unchanged in their relative abundance between the two seasons (Fig. 7). 
Among the genera with increased abundance were seven of the ten most abundant genera – Pseudopithomyces, 
o_Helotiales, Ramularia, Meira, Peniophora, Leptosphaeria and p__Ascomycota, and some important plant 
pathogens – Volutella and Colletotrichum/Glomerella (Fig. 8A). Two of the ten most abundant genera – Shiraia 
and Aureobasidium had reduced abundance in the summer when compared to the spring.

There were also significant seasonal changes in the functional groups of the epiphytic fungal community 
when comparing the nontreated boxwood samples taken on August 25 to those on May 26. In summary, 14 
functional groups increased and only two reduced in relative abundance in the summer when compared to 
the spring, while eight functional groups remained unchanged in relative abundance between the two seasons 
(Fig. 7). Among the functional groups with increased relative abundance were six of the ten most abundant 
functional groups – ‘Endophyte-Lichen Parasite-Plant Pathogen-Undefined Saprotroph’, ‘Plant Saprotroph’, 
‘Undefined Saprotroph’, ‘Soil Saprotroph’, ‘Epiphyte’, and ‘Plant Pathogen-Wood Saprotroph’ (Fig. 8B). Two of 
the ten most abundant functional groups – ‘Plant Pathogen’ and ‘Fungal Parasite-Litter Saprotroph’ had reduced 
abundance in the summer when compared to the spring.

Two functional groups in the endophytic fungal community changed significantly when comparing the 
nontreated boxwood samples taken on August 25 to those on May 26. The relative abundance of the group ‘Plant 
Pathogen’ was reduced while the group ‘Ectomycorrhizal-Fungal Parasite’ was increased in summer compared 
to spring (Figure S5).

Repeated fungicide applications impacted community composition and functional groups
Significant changes were observed in the epiphytic fungal composition from spring to summer following 
repeated fungicide applications starting on April 12 with Daconil at 2-week intervals while Banner Maxx and 
Concert II at 3-week intervals. More fungal genera were suppressed by at least one fungicide (Fig. 7). Specifically, 
two genera, Vishniacozyma and Irpex, were suppressed by all three fungicides (Fig. 8A). Four genera, including 
Orbilia, Amphosoma, Schizophyllum, and an unknown Ascomycota genus, were suppressed by both Daconil 
and Concert II. Fifteen genera, including Acidomyces, Kockovaella, Colletotrichum/Glomerella, were suppressed 
by Daconil alone. Likewise, two genera, Parmotrema and Physciella, were suppressed by Concert II alone 
while three genera, including Tremella, Holtermannia, and Sporobolomyces were suppressed by Banner Maxx 

Fig. 4.  The number of promoted and suppressed epiphytic fungal genera on fungicide-treated boxwood shoots 
collected 1, 7 and 14 days after treatments when compared to those of pre-treatment by season. DL = Daconil 
Weather Stik, BM = Banner Maxx, C2 = Concert II.
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Fig. 5.  Heatmap of the fungicide impacts on boxwood epiphytic fungal genera 1, 7 and 14 days after fungicide 
treatment when compared to the pretreatment by season. The color gradient of the heatmap indicates the 
association or degree of impact, as defined by formula: -log(qval) x sign (coefficient). Cells with promoting 
effect are coded in red while those with suppressing effect are coded in purple. The top 10 predominant genera 
are written in red. DL = Daconil Weather Stik, BM = Banner Maxx, C2 = Concert II.
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Fig. 6.  (A) Bar plots showing the most abundant functional groups within the boxwood epiphytic and 
endophytic fungal communities in spring and summer. Differetially abundant functional groups in epiphytic 
and endophytic communities were indicated by an arrow on the left and right, respectively, with increase in 
abundance from sping to summer being marked with green arrow pointed up and decrease in abundance being 
marked with a red arrow pointed down. For groups with multiple functions, those functions are seperated by 
‘-’. (B) Heatmap of fungicide impacts on the relative abundance of the epiphtic functional groups 1, 7, and 14 
days after treatment as compared to the pretreatment in sping and summer. The most abundant functional 
groups are written in red. The color gradient of the heatmap indicates the association or degree of change, as 
defined by formula: -log(qval) x sign (coefficient). The cells with a promoting effect are coded in red while 
those with a suppressing effect are coded in purple. DL = Daconil, BM = Banner Maxx, C2 = Concert II.

 

Scientific Reports |        (2025) 15:30150 9| https://doi.org/10.1038/s41598-025-07593-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


alone. Comparatively, fewer fungal genera were promoted by fungicides (Fig.  7). For instance, two genera, 
Jamesdicksonia and Uwebraunia, were enhanced by Banner Maxx and one, Hyphodermella, by Concert II while 
none were promoted by Daconil (Fig. 8A). Additionally, one genus, Libertella, was promoted by both Daconil 
and Concert II while another, Phyllozyma, was enhanced by all three fungicides. In contrast, the composition 

Fig. 7.  Venn diagrams showing the numbers of epiphytic fungal genera and functional groups with/without 
significant abundance change between May 26 (spring) and August 25 (summer), two pretreatment sampling 
times to summarize seasonal change (nontreated samples, NT) and/or cumulative fungicide effects.
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of the endophytic fungi was not affected by repeated fungicide applications from spring to summer (data not 
shown).

Similar changes were observed in functional groups of the epiphytic fungal community as affected by 
repeated fungicide applications from spring to summer. More functional groups were suppressed by at least one 
fungicide (Fig. 7). Particularly, ‘Wood Saprotroph’ and ‘Lichenized’ fungi were suppressed by all three fungicides 
(Fig.  8B). Two functional groups, ‘Plant Pathogen-Wood Saprotroph’ and ‘Endophyte-Plant Pathogen-
Undefined Saprotroph’, were suppressed by both Daconil and Concert II. Nine functional groups, including the 
two most abundant ‘Epiphyte’ and ‘Plant Pathogen-Undefined Saprotroph’ were suppressed by Daconil alone. 
Similarly, three function groups, ‘Dung Saprotroph-Nematophagous’, ‘Ectomycorrhizal-Undefined Saprotroph’, 
and Orchid Mycorrhizal’, were suppressed by Concert II alone. Comparatively, fewer functional groups were 

Fig. 8.  Heatmaps showing the epiphytic fungal genera (A) and function groups (B) with /without significant 
changes in relative abundance (RA) when comparing pretreatment boxwood samples taken on August 25 
(summer) to those on May 26 (spring). The color gradient of the heatmap indicates the association or degree 
of impact, as defined by formula: -log(qval) x sign (coefficient). Red cells indicate increased RA in summer 
compared to spring while those with purple cells indicate the opposite. The top 10 predominant genera or 
functions are written in red. NT = Nontreated, DL = Daconil Weather Stik, BM = Banner Maxx, C2 = Concert II.
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promoted by fungicides (Fig. 7), with only ‘Ectomycorrhizal-Fungal Parasite’ being promoted by Banner Maxx 
(Fig. 8B).

Comparatively, lesser impact was seen in functional group of the endophytic fungal community by repeated 
fungicide applications. Specifically, ‘Undefined Saprotroph’ was promoted by both Banner Maxx and Concert II 
(Figure S5). The abundance changes of ‘Ectomycorrhizal-Fungal Parasite’ and ‘Plant Pathogen’ was the same for 
Daconil-treated and the nontreated samples.

Changes in fungal community co-occurrence network from spring to summer
Per analyses of all nontreated boxwood samples taken four times over a 14-day period in the spring and summer, 
slight changes were observed in both epiphytic and endophytic fungal communities. Specifically, a higher 
number of positive associations were observed in the summer than in the spring (Table 3). The connectivity of 
the most central nodes (i.e., genera), indicated by the node degree and betweenness, was also increased in the 
summer when compared to the spring.

Comparatively, all three fungicides affected the co-occurrence networks of the fungal community with the 
most extensive effects on those of endophytic fungal community by Daconil. Particularly, network connectivity 
and modularity indicators, including the size of the large connect components, network modularity, edge density, 
natural connectivity, vertex connectivity, and edge connectivity were all higher in the summer than in the spring 
with Daconil treatment and these properties did not change in the nontreated samples (Table 3).

More hub genera were identified in the summer than spring in both epiphytic (3 vs. 2) and endophytic fungal 
networks (2 vs. 4) (Table 4 and Figures S6 and S7). However, these genera were rather distinct to each season 
and fungicide treatment.

Epiphyte Endophyte

NT DL BM C2 NT DL BM C2

Largest connected components (LCC)

Relative LCC size 0.28**

Clustering coefficient 0.42*

Modularity 0.25***

Positive edge percentage 25.92** 21.59* 17.86*

Edge density 0.12***

Natural connectivity 0.02**

Vertex connectivity 2.00**

Edge connectivity 3.00**

Average dissimilarity 0.04***

Average path length 1.42*

Whole network

Number of components 16.00*** 12.00**

Clustering coefficient

Modularity 0.25** 0.39***

Positive edge percentage 26.75** 18.52*

Edge density

Natural connectivity 0.001** 0.002*

Similarity of central nodes (Jaccard index)

Degree 0.14* 0.11* 0.06** 0.00** 0.00**

Betweenness 0.11** 0.04*** 0.10* 0.16* 0.14*

Closeness 0.15* 0.14*

Eigen vector 0.14* 0.11** 0.13* 0.04**

Hub taxa

Similarity of cluster groupings (ARI)

Whole network 0.12*** 0.11** 0.13*** 0.08**

LCC 0.14*** 0.10** 0.18*** 0.21***

Table 3.  Differences of network properties between spring (baseline) and summer in each fungicide treatment 
for epiphytic and endophytic communities. Non-significant measurements are not shown; Adjusted P-values: 
***<0.001, **<0.01, *<0.05. Jaccard index falls between [0, 1] with 0 indicating different sets of central nodes 
and 1 indicating identical sets of central nodes. ARI: adjusted rand index. ARI = 0 indicates completely 
different cluster groupings between two networks; ARI = 1 indicates the cluster groupings were identical. The 
null hypothesis of the test is ARI = 0. NT = Nontreated, DL = Daconil, BM = Banner Maxx, C2 = Concert II.
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Discussion
This study produced several major findings. First, fungal communities were much more diverse on the surface 
than in the internal tissue of boxwood shoots, with Shiraia as one of the most abundant genera in both endophytic 
and epiphytic communities. Second, plant pathogen was by far the largest functional group predicted in both 
epiphytic and endophytic fungal communities. Third, the three fungicides assessed in this study did not have 
strong effect on the plant pathogen group, but they did impact other functional groups in the epiphytic fungal 
community. Fourth, fungicide treatments affected fungal community α- and β- diversity and composition, 
with broader and more profound effects on the epiphytes than the endophytes. Fifth, Daconil and Concert 
II, two primarily contact fungicides containing chlorothalonil as their sole or major active ingredient (AI), 
had more extensive and marked impact on the epiphytic community than Banner Maxx, a systemic fungicide 
with propiconazole as its AI. Sixth, the chemical impact on the epiphytic community generally increased with 
increasing chlorothalonil concentration in the product. Seventh, repeated fungicide applications not only altered 
the composition and function of epiphytic fungal community but also reduced the community sensitivity to the 
same fungicide chemistry late in the season. These findings significantly advanced boxwood biology and the 
understanding of fungicide resistance development with important practical implications.

The present study generated the first mycobiome evidence supporting boxwood as a long regarded low 
maintenance iconic landscape plant. Boxwood has a distinct endophytic fungal community with Shiraia being 
the most abundant. Shiraia was also among the most abundant in the epiphytic community. This genus has 
so far been isolated only from bamboos (Bambusoideae) and firmoss (Huperzia serrata) in east Asia42–44. 
Shiraia produces a range of secondary metabolites (e.g., hypocrellins A and huperzine A) with antimicrobial, 
anticancer, and anticholinesterase activities44,45. Because of its high abundance in both endophytic and epiphytic 
communities and metabolic potentials, Shiraia may play a critical role in enabling its host boxwood to endure 
biological and environmental stresses while tolerating frequent pruning and training25. It is worth noting that 
Shiraia was not reported in a recent study documenting isolation and evaluation of several boxwood endophytes 
for their biological control and plant growth promoting potential46. There were several major differences between 
the previous and present studies. First, 5-year-old field-grown boxwood cultivar ‘Vardar Valley’ was used in this 
study while liners of English boxwood (B. sempervirens ‘Suffruticosa’) grown in small plastic containers with 
soil-less potting mix was used in the previous study46. Second, this study used a culture-independent method 
while the previous study was culture based. Whether boxwood cultivar, plant age, method used, and/or any 
other factors that may have contributed to this discrepancy in detecting Shiraia between the two studies is 
unknown. Considering Shiraia’s abundance in ‘Vardar Valley’ boxwood and its ability to produce metabolites 
of significant health benefits, further investigations are warranted to (1) determine the presence of Shiraia in 
other boxwood cultivars; (2) obtain isolates and their secondary metabolites of this genus; and (3) assess their 
potential for improving boxwood and human health.

This study provided important new insights into the increasing health issues with boxwood, while adding 
fresh evidence on fungicides’ off-target effects. First, Alternariaster is another abundant endophytic and epiphytic 
fungus identified in the present study. This genus contains many leaf spot-causing pathogens47. Comparatively, 
boxwood has a less distinct epiphytic fungal community when compared to that of other plants15,48 with 
Cladosporium and Alternaria being the two other most abundant genera. These two Ascomycota fungi have 
many species that are pathogens and saprotrophs49 but they are not known to cause boxwood disease. However, 
both Shin et al.36 and Kurzawińska et al.50 showed that these two fungal genera are frequently isolated from the 
diseased boxwood leaves and stems, especially Alternaria. FUNGuild analysis showed that plant pathogens were 
by far the largest functional groups on the boxwood shoot surface and the internal tissue. Their presence may 
have overloaded the host’s innate immunity and increased the energy cost of boxwood defense reactions15,51 
predisposing boxwood to disease invasion. Second, three fungicides, in particular of Daconil and Concert II, 
suppressed many saprotroph groups, but they only had weak effect on that of the plant pathogens at most. 
Fungal saprotrophs have been previously shown to be sensitive to fungicides17 and they may have antagonistic 
property against pathogens52. Some of the repressed epiphytic genera, including yeasts, may possess properties 

Spring Summer

Epiphyte

NT Orbiliaceae

DL Bjerkandera

BM

C2 Polyporales
Corticiaceae Rhodosporidiobolus

Endophyte

NT Verrucoconiothyrium

DL Paraconiothyrium Amareromyces
Unknown Fungi

BM Lophium Unknown Fungi

C2 Patellaria

Table 4.  Hub taxa identified in networks constructed for spring and summer in each fungicide treatment. 
NT = Nontreated, DL = Daconil, BM = Banner Maxx, C2 = Concert II.
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in mitigating environmental stresses for plants. For example, Aureobasidium pullulans produces extracellular 
polysaccharides and melanin53 and has been shown to alleviate plants from drought stress54 and UV damage55. 
The absence of these fungi may also result in a biological vacuum wherein plant pathogens can recolonize the 
vacant niche rapidly56. Third, fungicide treatments altered the epiphytic and endophytic community diversity, 
structure, and co-occurrence networks, breaking the balance in microbial composition and association in the 
boxwood phyllosphere, termed as dysbiosis57. Microbial dysbiosis is linked to plant stress or disease58. Runge 
et al.59 found that dysbiotic leaves harbored more plant pathogens while healthy leaves contained more plant 
beneficial microbes in wild tomato species. As expected, fungicide treatment had broader and more marked 
impacts on the epiphytes than endophytes because the former come into direct contact with the fungicidal 
compounds on the shoot surface while the latter are sheltered by the plant cuticles and other structures. Though, 
it is worthwhile noting that both Daconil and Concert II, along with Banner Maxx, also affected the endophytic 
fungal community composition and association, including the connectivity and modularity of the endophytic 
fungal networks, and the effects were more marked in the summer than in the spring samples, indicating that 
the endophytic fungal community changed over time upon fungicide applications. Yet, the impact of contact 
fungicide on the endophytic fungal community was not unexpected because a fraction of commercially 
formulated chlorothalonil can penetrate into the cuticular wax and internal tissue 24  h after application60. 
Similar observations were previously made with other contact fungicides. Specifically, Prior et al.13 reported 
that copper- and sulfur-based contact fungicides affected the culturable endophytic fungi in common bean. 
Previously studies have also reported other contact and systemic fungicides reshape the phyllosphere fungal 
community composition and structure in soybean9,14, maize9, common and broad beans13, wheat17, grapevine61, 
and tomato62. However, changes in the epiphytic community may impact the assembly of endophytic fungal 
community, as many endophytes originate from the plant surface63 to not only establish intimate relationship 
with the host plant but also promote host plant growth and health64.

The selection of three fungicides with two active ingredients provided a unique window for examining 
how their modes of action and concentrations may impact the phyllosphere mycobiome. Multi-site contact 
fungicide Daconil with 54% chlorothalonil as its sole AI had broader and more pronounced inhibitory effects 
on the epiphytes than the other fungicide products assessed in this study. Doherty et al.22 also reported that 
chlorothalonil reduced the total culturable fungal population in the phyllosphere of creeping bentgrass. 
Comparatively, single-site systemic Banner Maxx with 14.3% propiconazole as its sole AI had limited but rather 
promoting effect on boxwood epiphytic and endophytic fungal communities, particularly on the epiphytic fungal 
community richness in spring and endophytic fungal community diversity in summer. This may be a result of 
propiconazole’s single-site mode of action being limited in targeting a diverse fungal population and that the 
boxwood phyllosphere may naturally harbor propiconazole-tolerant fungal species as reported in grass65, such 
as those from Cladosporium. Nevertheless, the result is in agreement with many previous studies evaluating 
the effect of propiconazole or other DMI fungicides on wheat17,18, grape16, and barley crop microbiome20. 
Interestingly, Concert II, containing 38.5% chlorothalonil (or 71% of that in Daconil) and 2.9% propiconazole 
(or 20% of that in Banner Maxx) impacted the epiphytes to a lesser degree than Daconil but significantly more 
than Banner Maxx. This observation suggests that chlorothalonil concentration was another key factor affecting 
fungicide effect on the phyllosphere mycobiome, consistent with previous studies on wheat18 and soil66. These 
results suggest that when chemical protection is deemed necessary, single-site systemic fungicides should be 
considered first to fully leverage and utilize the natural mycobiome in crop health management. Likewise, where 
multi-site contact fungicides must be used, their concentrations should be carefully considered with preference 
given to a low rate by using mixed chemistry like Concert II instead of sole chemistry of Daconil. Towards these 
goals, all other fungicides as well as other agrochemicals should be evaluated for their impacts on mycobiome 
and other microbial communities, and this information should be included in the product labels to help farmers 
and gardeners to make informed decisions in selecting agrochemicals for crop production and gardening. 
This information is equally useful for chemical companies to make informed decisions in formulating and 
marketing of the existing and new chemistries to better position their products in increasingly microbiome-
based agricultural and horticultural industries. Agrochemical companies may follow suit of Syngenta to work 
with research institutions, as was done in this study, or conduct evaluations in their own research labs where 
applicable.

This study produced the first microbiome-based evidence that demonstrates that repeated chlorothalonil 
treatments structurally and functionally altered the epiphytic fungal community with many genera becoming less 
sensitive to the same chemistry late in the season. With Daconil as an example, 23 genera remained unchanged 
or even increased in their relative abundance 1, 7, or 14 days after the eighth application. These observations 
sharply contrasted with what was observed 1, 7 and 14 days after the fourth application on May 26 – their 
abundance all being consistently reduced (Fig. 5). It is worth pointing out the lasting effect of the first seven 
Daconil treatments as the epiphytic fungal community did not bounce back after a 50-day treatment gap from 
July 6 to August 24. This shift is indicative of reduced sensitivity of these fungal genera to chlorothalonil after 
eight applications from April 12 to August 25. Among these 23 genera were some important plant pathogens, 
including Ramularia, Colletotrichum and its sexual stage Glomerella. Specifically, Colletotrichum theobromicola32 
has recently been identified as the causal agent of boxwood dieback, a new and emerging destructive disease. 
Similarly, leaf spot caused by Ramularia species is becoming a major issue in barley67 and sugar beet68, although 
not yet on boxwood. Katsoula et al.23 reported accelerated degradation of a single-site contact fungicide 
iprodione in the phyllosphere of pepper plants after four applications at 30-day intervals and they correlated 
with the chemical degradation by Alternaria. This is the first report of reduced sensitivity of diverse fungi to a 
multi-site contact fungicide that has long been regarded as low risk in resistance development. We observed that 
Alternaria became more abundant in Daconil-treated boxwood than those nontreated controls in both spring 
and summer in this study (Fig. 3A). A similar increase in Alternaria abundance was also seen in boxwood treated 
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with Concert II that contains 38.5% of chlorothalonil, plus 2.9% of propiconazole. Whether similar chemical 
degradation by Alternaria occurred from chlorothalonil application late in the season is not known at this time. 
Nevertheless, these observations together challenge a long-time assumption that multi-site contact fungicide 
is low risk for resistance development. Further investigations to test this hypothesis are urgently needed, 
considering the potentially broad impacts on managing fungicide resistance, and developing crop health and 
production programs. Likewise, investigations into whether the emergence of boxwood dieback is caused by 
increased use of Daconil for control of another important disease, boxwood blight, are warranted. These studies 
are essential to developing a systems approach to boxwood health and production.

The results of the present study also provide understanding for the potential negative impacts of repeated 
fungicide applications on environmental health from several perspectives. For example, many saprotrophs that 
were negatively impacted by repeated fungicide treatments, especially by Daconil, are key regulators of nutrient 
cycling69 in addition to antagonizing against pathogens described above. Likewise, those lichenized fungi affected 
by fungicides are symbionts with plants and algae, which are keystone species in ecosystem70. Thus, repeated 
fungicide applications may impact ecosystem health, as microorganisms and their roles are closely connected to 
the wellbeing of all other living organisms—a perspective emphasized by the One Health concept71.

Conclusions
This study uncovered diverse fungal communities in boxwood shoots, providing the first mycobiome evidence 
supporting the low-maintenance nature of this iconic landscape plant. It also demonstrated that repeated 
applications of multi-site fungicide chemistries like chlorothalonil affect epiphytic fungal community with many 
genera becoming less sensitive to the same chemistry late in the season. This discovery challenges a long-time 
notion that multi-site fungicides are low risk in resistance development while providing important insights into 
boxwood’s rising health issues in recent years.

Methods
Study site, Boxwood crop, key cultural practices and weather parameters
This study was added to an existing field trial that started on April 12, 2021, with 5-year-old field-grown Buxus 
sempervirens ‘Vardar Valley’ in western North Carolina. Individual boxwood plants were approximately 60 cm in 
height and 40–50 cm in width at the beginning of the trial. This boxwood cultivar grows at a rate of 2.5 to 7.6 cm 
per year72. Fertilizer was applied in early April and two herbicides, Roundup® (Bayer AG, Leverkusen, Germany) 
and Goal® (Nutrichem Co., Ltd., Beijing, China), were applied in late May. The average daily temperature was 
21.5 °C and 23.3 °C, and the total precipitation was 46.2 mm and 38.1 mm during the two 14-day sampling 
periods in the spring and summer, respectively (see supplemental materials for details on weather data source).

Fungicide treatments, Boxwood sampling and sample processing
Three fungicides - Banner Maxx®, Daconil Weather Stik®, hereafter referred as Daconil, and Concert II® were used 
in this study (Table 5). These three fungicides, plus a nontreated control, were arranged in a randomized complete 
block design and applied to four replicate plants per treatment. The first application of all three fungicides was 
performed on April 12, 2021 with subsequent applications of Daconil at 2-week intervals, and Banner Maxx and 
Concert II at 3-week intervals. As a result, three subsequent coinciding applications of three fungicides were May 
26, July 5, and August 25. To mimic the commercial production no fungicide was applied from July 6 to August 
24 when disease pressure was generally low due to hot weather conditions that are suppressive for the prevailing 
disease – boxwood blight73–75.

The first batches of boxwood shoot samples were collected immediately before the second coinciding 
fungicide application on May 26, and 1, 7, and 14 days after (Fig. 9); hereafter these samples are referred to as 
the spring samples with those taken on May 26 as day 0 while others as day 1, 7 or 14 correspondingly. The day 0 
spring samples received 3 applications of Daconil and 2 applications of Banner Maxx or Concert II. All day 1, 7 
and 14 spring samples received one more application of the same fungicides – four applications for Daconil and 
three applications for Banner Maxx and Concert II. Nontreated boxwood shoot samples were also collected at 
each of the four sampling times. Each replicate sample included fifteen 7-cm long boxwood shoots taken from 
each plant, and all samples were processed as detailed previously76.

The second batches of samples were collected immediately before and after the fourth coinciding application 
of all three fungicides on August 25; hereafter these samples are referred to as the summer samples. Due to 
skipping fungicide applications from July 6 to August 24, the day 0 summer samples received seven applications 
of Daconil, or five applications of Banner Maxx or Concert II. Likewise, the summer day 1, 7 and 14 samples 
received eight applications of Daconil or six applications of Banner Maxx or Concert II correspondingly. Again, 
nontreated controls never received any fungicide treatment during this study. All summer samples were collected 
and processed as described above.

Trade name Manufacturer Active ingredients
Application rate
(ml/2 Liter) MOA* Mobility

Daconil

Syngenta

Chlorothalonil (54%) 3.4 Multi-site activity Contact

Banner Maxx Propiconazole (14.3%) 1.9 Sterol biosynthesis Systemic

Concert II Chlorothalonil (38.5%) + Propiconazole (2.9%) 5.5 Multi-site + sterol biosynthesis Mixed

Table 5.  Fungicides used in this study. * Mode of action based on the fungicide resistance action committee.
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DNA extraction and PCR amplification
Five healthy boxwood shoots were arbitrarily selected from each replicate sample and processed for DNA 
extraction from the surface washings and surface-sterilized shoot tissues to differentiate epiphytic and endophytic 
microbial communities, respectively, following the previous protocol76.

The NSA3 and NLC2 primer pair77 (see Table S2) was used to amplify the full-length internal transcribed 
spacer (ITS) regions including ITS1, 5.8 S, and ITS2, plus partial SSU and LSU rDNA for fungal identification. 
PCR ingredients and thermal condition are described in the supplemental materials.

Nanopore library preparation, and sequencing
Nanopore sequencing library barcoding and preparation followed our previous study76. Equimolar portions of 
sixteen ITS amplicon barcoded samples were pooled. For each sequencing run, an aliquot of 40 fmol (34.6 ng of 
1400 bp) of the DNA library was loaded to a MinION R9.4 flow cell following Nanopore’s priming and loading 
protocols.

Bioinformatics
Live base-calling used the software MinKNOW (ONT, core version 4.4.3) and was coupled with Guppy (GPU 
version 5.0.11). Read quality was filtered to Q9 and read length was kept between 1000 bp and 2000 bp. The 
FASTQ read outputs were then subjected to a customized python package NanoPrep78 (version 0.19.1) for 
further quality checking, barcode trimming, and sample grouping as described in our previous study76. Chimera 
removal and alignment-based fungal taxonomy assignment followed the steps in Cuscó et al.79 using the 
“UNITE + INSD” database (version 8.3 for fungi)80 and the Minimap2 aligner81 (See supplemental materials for 
details). In this study, we adopted the term “Operational Taxonomic Unit” (OTU) to describe those taxonomy-
assigned amplicon sequences, which was annotated by the best alignment after Minimap2; this is different from 
the conventional “cluster by a threshold” definition82.

Statistical analyses
Epiphyte and endophyte OTU tables were further pruned to exclude potential sequencing artifacts, with samples 
containing more than 5,000 reads and OTU with more than 5 reads across all samples were retained. Unidentified 
fungi and ambiguous annotations (see supplemental materials) were re-classified to the lowest possible rank 
using the format_to_besthit function from the microbiome package (version 1.16.0)83. The significance level was 
set at 0.05 for all statistical analyses unless otherwise stated.

Fig. 9.  A scheme describing the spraying schedule for the three fungicides and the sampling events in this 
study.
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Fungal community α-diversity
OTU richness and Shannon index were used to assess fungal community α-diversity. Both the OTU tables for 
epiphytic and endophytic fungal communities were rarefied to 10,000 sequences, retaining 118 and 112 samples, 
respectively. This rarefaction depth recovered most of the α-diversity information without discarding many 
samples. Three-way analysis of variance (ANOVA) was used to test the effect of fungicide treatment, sampling 
time, season, and their interactions on the α-diversity. The residuals of ANOVA were normally distributed. 
Differences among the post fungicide treatments were compared using Dunn’s Multiple Comparisons84 for the 
epiphytic and endophytic in spring and summer, respectively. Using the same method, the effect of the four 
sampling times on microbial α-diversity of fungicide treated samples was also analyzed. P values were adjusted 
using the Holm-Bonferroni method. The microeco package85 was employed during the analysis and plotting.

Fungal community structure analyses
The Jaccard dissimilarity index was used to measure fungal community structure86. The OTU tables were first 
transformed to relative abundance by the Hellinger transformation87 which is often used for multivariate analyses 
of compositional data88. Principal coordinates analysis (PCoA) was used to ordinate the dissimilarity matrix 
and help visualize clustering among fungicide treatments and sampling times in both seasons using the plot_
ordination function of the phyloseq package (version 1.38.0)89. Permutational multivariate analysis of variance 
(PERMANOVA) was performed on the Jaccard dissimilarity matrix to evaluate effects of fungicide, sampling 
time, and their interactions using the adonis function with 10,000 permutations90. Bray-Curtis similarity index91 
was also used to examine fungal community structure and its results were similar (Table S3).

Fungal community composition analyses
Differential abundance was analyzed at the genus level using the Microbiome Multivariable Association with 
Linear Models (MaAsLin2) package92 (version 1.8.0) in R. The OTU table was first normalized to relative 
abundance, the minimal abundance was set to 0.1%, and the minimal prevalence was set at 0. The data was then 
transformed using a variance-stabilizing arcsin square root transformation (AST) method. Fungicide treatment 
was fit to the default linear model as fix effect for each of the three sampling time points for spring and summer. 
Nontreated treatment was set as the baseline. P-values were corrected using the false discovery rate (FDR)93 at 
the default setting of 0.2594. Fungal genera with significant association or abundance differences were visualized 
in a heatmap using the package ComplexHeatmap95. To evaluate how repeated fungicide application may affect 
fungal composition, pretreatment samples collected in spring and summer were compared using MaAsLin2 for 
each treatment. The dynamics were also visualized with a heatmap.

Fungal community function prediction and analysis
The FUNGuild database (version 1.1)49 was used to predict the functional groups (or guilds) in the fungal 
communities. This database included 13,000 fungal taxa and contained annotations of fungal ecological guilds 
compiled from literature. Guilds with confidence ranking “Probable” and “Highly Probable” were kept. A 
Kruskal Wallis test was used for epiphytic and endophytic communities in spring and in summer, respectively. 
The P values were adjusted using the Benjamini Hochberg method. MaAslin2 was again implemented with the 
same parameters to compare the relative abundance of functional groups at each post treatment time to the 
pretreatment time for each treatment in each of the two seasons. To evaluate whether fungicides may also have 
lasting effect on the community functions, the relative abundance of the functional groups between spring and 
summer at pretreatment time was compared using MaAsLin2 for each treatment. The dynamics were visualized 
with a heatmap.

Co-occurrence network analyses
The NetComi package (version 1.0.3)96 was used to construct networks at the genus level implementing the Semi-
Parametric Rank-based approach for INference in Graphical model (SPRING)97 algorithm with “nlamba” being 
set to 100, “rep.num” to 100, and “Rmethod” to “approx”. The top 80 most abundant fungal genera were included. 
Hub taxa were determined by 95% quantile of the nodes with highest degree, betweenness, and closeness 
centrality measures. A fast greedy modularity-based algorithm (cluster_fast_greedy)98 was used for node 
clustering. The centrality measurements of degree, betweenness, closeness, and eigenvector were normalized 
and network pairwise comparison was performed using 1,000 permutations. Similarity of the most central nodes 
was measured using the Jaccard index99 taking values from 1 (two equal sets of the most central nodes) to 0 (two 
different sets of the most central nodes). Similarity of clustering between two compared networks was measured 
using the adjusted rand index (ARI)100 taking values from − 1 (less similar cluster partitions) and 1 (similar 
cluster partitions). The null hypothesis of ARI testing assumes ARI equals to zero. P-values were adjusted using 
the Benjamini-Hochberg procedure101.

Data availability
The FASTQ reads used for data analysis are stored in the European Nucleotide Archive under project accession: 
PRJEB57951.
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